Posttranslational modifications (PTMs) are chemical alterations that are critical to protein conformation and activation states. Despite their functional importance and reported involvement in many diseases, evolutionary analyses have produced enigmatic results because only weak or no selective pressures have been attributed to many types of PTMs. In a large-scale analysis of 16,836 PTM positions from 4,484 human proteins, we find that positions harboring PTMs show evidence of higher purifying selection in 70% of the phosphorylated and N-linked glycosylated proteins. The purifying selection is up to 42% more severe at PTM residues as compared with the corresponding unmodified amino acids. These results establish extensive selective pressures in the long-term history of positions that experience PTMs in the human proteins. Our findings will enhance our understanding of the historical function of PTMs over time and help in predicting PTM positions by using evolutionary comparisons.
Introduction
Posttranslational modifications (PTMs) fine-tune biochemical functions in a large percentage of human proteins (Mann and Jensen 2003; Seo and Lee 2004) . In particular, phosphorylation and glycosylation of amino acid positions in thousands of human proteins are now known, many of which have been implicated in a number of complex human diseases (e.g., Aly et al. 1992; Lu et al. 1999; Marquardt and Denecke 2003; Lemeer and Heck 2009) . In phosphorylation, a negatively charged phosphate group is added by a kinase targeting serine (S), threonine (T), or tyrosine (Y) residues. To date, one-third of known proteins have been shown to contain at least one phosphorylated residue (Mann et al. 2002) . In glycosylation, an enzyme covalently attaches a sugar to an amino acid. The asparagine (N)-linked glycosylation is the most well studied and is known to direct protein folding, product secretion, binding affinity, substrate specificity, and enzymatic activity. It is estimated that over 75% of glycosylated proteins contain at least one N-linked glycan (Apweiler et al. 1999; Nakajima et al. 2010) . Because of the importance of PTMs in proper protein function and the known implications of their disruption in complex diseases, we set out to quantify the degree of evolutionary selective pressure exerted on PTM positions at the amino acid level and compare and contrast these selective pressures on four major amino acid residues involved in phosphorylations (S*, T*, and Y*) and N-linked glycosylations (N*).
We analyzed 16,836 PTM positions (S*, T*, Y*, and N*) from 4,484 human proteins. A vast majority of proteins are reported to have one or a few PTM residues, but a substantial number of proteins contain .10 PTMs (fig. 1A ).
About 5% of proteins contain both phosphorylated as well as glycosylated amino acids. For each modified (PTM) and unmodified residue, we estimated the absolute rates of evolution by mapping sequence differences among 44 diverse species onto their evolutionary tree and dividing the amount of change by the total time elapsed over all tree branches ( fig. 1B ; see Methods). As expected, proteins containing PTMs evolve at vastly different rates ( fig. 1C ). The fastest 25% evolving proteins evolve at a rate approximately 7 times greater than the slowest 25% evolving proteins. Overall, phosphorylated proteins are more conserved than N-linked glycosylated proteins (20% difference; P ,, 0.01; t-test with unequal variances). Similarly, different amino acid residues evolve with different rates ( fig. 2) , with tyrosines showing the most skewed distribution and many more slowly evolving sites than in other amino acid residues.
In order to examine whether the positions involved in phosphorylation are under additional purifying selection at PTM positions (i.e., more conserved evolutionarily), we compared evolutionary rates of positions harboring phosphorylated residues (phosphosites: S*, T*, and Y*) with those of unmodified residues (S, T, and Y, respectively). For each protein, we calculated the ratio of rates at PTM versus all sites occupied by the given amino acid, a, by dividing the average evolutionary rate at PTM positions (r S* ) with the average evolutionary rate at all positions with that residue (r S ). For example, a S 5 r S* /r S for serine phosphorylations in a protein. PTM rate ratios a N , a T , and a Y are estimated in the same way for asparagine, threonine, and tyrosine residues, respectively. Biologically, a , 1 indicates additional purifying selection, inferred from greater conservation, on a PTM position as compared with their unmodified counterparts in the same protein. We estimate a for each protein separately because of large differences in average evolutionary rates, and thus constraints, in different proteins ( fig. 1C ). This was also done for each amino acid type separately because different amino acids evolve with different rates ( fig. 2 ).
Proteome-wide distributions of a for the four PTM amino acids show many similarities and differences (fig. 3A-D) . In each case, there is significant evidence of higher purifying selection at positions harboring PTMs; a is less than 1.0 for 68.1%, 63.6%, 63.5%, and 70.5% of the proteins for S*, T*, Y*, and N*, respectively. Based on these numbers, we tested a simple null hypothesis of no-effect by evaluating whether the fraction of proteins with a , 1 is significantly different from 50%. This null hypothesis is rejected in each case (P ,, 0.01; Z-test). Overall, 69.6% of all proteins showed a less than 1.0, when all PTMs in every These results are robust to artifacts and distortion caused by potentially unreliable estimates of a produced for proteins that have only a few amino acids of each type. This is because the median (as well as mean) values from all data were very similar to those obtained from the top 25% of data-rich proteins that contained the largest number of unmodified S, T, Y, and N residues.
The magnitude and direction of selective pressures on PTM positions in our study stands in stark contrast with those reported recently (Landry et al. 2009; Chen et al. 2010; Gnad et al. 2007 ). For example, Gnad et al. (2007) and Tan et al. (2009) have reported that phosphorylated residues do not show appreciably higher evolutionary conservation than the other residues. We have not only shown that there is significant purifying selection on phosphorylated residues but also that the additional purifying selection is extensive (32-38%). Although some recent studies have supported the existence of purifying selection, there are differences between our and their observations. First, the magnitude of purifying selection we have uncovered is many times larger than that reported by Landry et al. (2009) . Second, Chen et al. (2010) did not find purifying selection in phosphorylated tyrosines (see below for a reason). Furthermore, none of these studies explored evolutionary pressures in glycosylated positions, which we have shown to undergo extensive additional purifying selection (27%) at residues with PTMs.
A common feature of many previous studies has been that proteome-wide patterns were generated by pooling evolutionary rates across sites. In many cases, the proteome-wide mean of evolutionary conservation at PTM and unmodified positions were contrasted to assess evolutionary pressures at phosphorylated residues. However, each protein experiences different degrees of evolutionary pressures, which is reflected in the great diversity of evolutionary rates with which they evolve ( fig. 1C) . Therefore, it is important to compare rates of evolution at PTM and unmodified residues for each protein separately. Otherwise, proteins with many PTM positions and those with dramatically different evolutionary rates will contribute in unexpected ways to the overall summary estimates. This is indeed true in the present data. The estimates of a for different proteins and amino acids clearly lack distributions with a strong central tendency ( fig. 3) . Furthermore, the distributions are not always unimodal and some have a rather long tail with appreciable frequencies. For example, a large proportion of proteins have a Y . 1 for PTMs involving tyrosines, although a rather large number of them show a Y 5 0 ( fig. 3C ). When the rates are pooled proteome wide for modified and unmodified residues, one gets a mean estimate of 0.89 by dividing the average rate at Y* residues by the rate at all unmodified Y residues for our data. This would suggest that only 11% additional mutations are eliminated by natural selection at Y* residues, which is much less than that inferred by using the median of protein-by-protein a values (38%). Such dilution of the evolutionary signal contributed to previous conclusions of the lack of purifying selection on Y* residues because selective pressures were not measured for each protein separately. Similarly, per-residue averages computed without regard to the protein-specific patterns produce 21%, 13%, and 20% lower estimates of additional purifying selection at N*, S*, and T* residues, respectively. Therefore, the use of protein as a unit of selection is important in fully incorporating protein-specific evolutionary rate differences as well as the nonsymmetric distributions of a.
Overall, our results suggest that human PTMs are likely to be shared with other species because otherwise PTM Posttranslational Modifications in Human Proteins · doi:10.1093/molbev/msr013 MBE and unmodified positions would not show a large difference in long-term evolutionary rates. Independent support for this possibility exists in observations that phosphorylated positions in mouse and human proteins are shared more often than expected by chance (Boekhorst et al. 2008) . Greater purifying selection in PTM sites is also consistent with an enrichment of inherited disease mutations at PTM positions , a pattern that is seen for Mendelian disease mutations (Subramanian and Kumar 2006) . Concordantly, the neutral mutations will be depleted in positions harboring PTMs. The discovery of higher purifying selection in PTM positions in our study is consistent with the known importance of these positions in protein function and human diseases. And they also establish that trends seen in single-celled organisms, such as yeast (Ba and Moses 2010) and bacteria (Macek et al. 2008) , hold true for complex organisms as well. The existence of signatures of additional evolutionary conservation at PTM positions would facilitate greater extrapolation of knowledge from model organisms to understanding human diseases.
Methods
The modified amino acid data set was downloaded from the public database dbPTM (http://dbptm.mbc.nctu.edu.tw/), which is the largest repository of human PTMs (Lee et al. 2006) . We only analyzed human proteins containing phosphorylation and N-linked glycosylation sites because data on other types of PTMs are rather small. Each PTM was mapped onto a 44-species alignment available in the University of California-Santa Cruz (UCSC) Genome Browser (Rhead et al. 2010 ) by mapping RefSeq identifiers and matching reference amino acids (Pruitt et al. 2007 ). Our final data sets included 16,836 modified residues in 4,484 human proteins, which contained 219,041 unmodified S, T, Y, and N residues. Of 16,836 modified residues, 7,809 were involved in phosphorylation (6,089 S*; 1,322 T*; and 398 Y*) and 9,027 were involved in N-linked glycosylated residues. For each residue, we estimated absolute evolutionary rates using the 44-species amino acid sequence alignment from UCSC following the procedure in Kumar et al. (2009) in which absolute evolutionary rate at each site is calculated separately by mapping the amino acid sequence differences on the wellestablished tree of species (fig. 1B) . The evolutionary rates are in the unit of the number of amino acid substitutions per site per billion years (Byrs).
